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FIELD OF THE INVENTION 



This invention relates generally to densitometers for measuring optical density. In 
particular, the invention relates to optical density measurement of multiple spots or test 
patches for monitoring and quality control of printed output. 



BACKGROUND OF THE INVENTION 

In printing and copying apparatus, machine parameters are adjusted, either manually or 
5 automatically, to produce images having well regulated darkness or optical density. 
Printer process control strategies typically involve automatically measuring the 
transmissive or reflective optical density of printed areas (called "test patches") as they 
are printed. Alternatively, printed samples may be measured manually using a "bench- 
top" densitometer. In either case, the density measurements are the basis for quality 
10 evaluation and control. Adjustments may then be determined to regulate the printed test 
patches to the desired density levels. The adjustments are often applied automatically, 
though some printer adjustments may require manual adjustment by an operator. For test 
□ and diagnostic purposes, large nominally uniform areas or multiple test patches may be 

Li ii 
tar 

printed to check for deviations from the desired uniformity. 
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m In a large-format printer, uniformity may be difficult to maintain over the large printed 

3 areas, particularly in the direction perpendicular (cross-track) to the process direction. 

5 Nonuniformity can also be a problem in non-printed web production processes, such as 
O plastic sheet, textiles, and paper. In these cases optical density measurements may be 
g 20 needed transversing the cross-track direction. U.S. Patent No. 5,546,165, to Rushing et al 
^ uses a document scanner as a test print densitometer. Such a scanner may use an 

essentially continuous linear array of light sensors to collect measurements from several 
thousand picture elements or pixels spanning the cross-track dimension. These 
measurements provide the cross-track density "profile". This approach requires uniform 
25 illumination across the wide printed area, imaging optics, and a shift register driven to 
provide an output voltage signal representing the pixel-by-pixel cross-track profile of 
transmittance or reflectance. 

A simpler and less expensive approach is to obtain representative cross-track 
30 measurements at just a few spots. Three or four representative cross-track measurements 




are sufficient to guide basic adjustments and/or maintenance on the typical machine. The 
objective of such basic adjustments and/or maintenance is typically to balance the 
average density edge-to-edge, and avoid a "high" or "low" spot in the center. 

Adjustments to the engagement or spacing of the various work stations, relative to the 
image-bearing medium, are often used. Independent adjustments are often available at 
the front and back ends of a work station. An independent center adjustment may also be 
available. In an electrophotographic process, such adjustments may be applied to corona 
charging devices, to illumination or exposure, and to toning stations. Image exposure 
adjustments, gradual from edge-to-center-to-edge, are disclosed in U.S. Patent No. 
5,933,682 to Rushing, for example. In paper manufacturing processes discussed by 
Gorinevsky et al, sets of identical independent actuators, distributed across the paper 
web, control cross-track uniformity of web attributes at several production stages. 

The electrophotographic printer described in U.S. Patent No. 5,983,044 to Kodama et al 
has a densitometers positioned before and after transfer of the toned image from the 
photoconductor drum to the receiver. One densitometer is positioned to read test patches 
on the drum before transfer. Two more densitometers provide post-transfer readings of 
the transferred toner patch and the residual toner remaining on the photoconductor drum, 
respectively. Transfer efficiency is determined from these readings. Deviations from the 
normal transfer efficiency are the basis for electrical adjustments applied to the multi- 
color developing units and to the transfer process. 

In a typical multi-color printer, test patches of each process color are monitored for 
25 process control purposes. Ideally, each color has its own dedicated densitometer channel, 
with a light emitter color or peak emission wavelength selected for high sensitivity of the 
readings. Separate dedicated channels may also enable density readings to be taken 
farther upstream in the imaging process, in the individual color processing modules, 
before the separations are collected on a single web. The earlier upstream readings 



minimize the delay in obtaining measurements, and enable faster-responding feedback 
control loops for the process. 

An economical single-channel densitometer for an electrophotographic color printer is 
5 disclosed in U.S. Patent No. 5,075,725 to Rushing et al. The transmission densitometer 
has an infrared emitter and measures test patches covered with cyan, magenta, or yellow 
toner. Previously stored base density readings from untoned film are subtracted to yield 
net toner densities. The machine logic keeps track of the color of the passing patches, so 
that the measured net toner densities can be compared to target values for the respective 
10 colors. 
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tp This single-channel infrared-emitting densitometer outputs usable density signals for 

patches covered with the colored toners, and black toner. However, colorants in other 
W applications, such as ink jet inks, do not sufficiently block infrared light. Even for 
gj 15 unfused colored toners, better sensitivity is obtained using emitters of complementary 
^ color to the respective test patches, i.e., red, green, and blue emitters for cyan, magenta, 
O and yellow toner, respectively. Finally, the single-channel configuration does not address 
p the need in some printer configurations for density readings at multiple positions. 

i 
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20 The approach described in U.S. Patent No. 3,995,958 to Pfahl et al obtains good color 
sensitivity. Filters of complementary colors to the test patches automatically rotate into 
position in front of a white light emitter, so that each colored patch is read with light of 
the particular color for highest sensitivity. While using only one densitometer, this 
approach requires bulky, complicated, and expensive mechanisms to change filter 

25 positions at the appropriate times. Furthermore, all the variously colored patches must be 
on the same single track of the moving medium, and pass the densitometer one after 
another. Such a fixed-position single-channel configuration cannot address needs for 
density readings in multiple in-track or cross-track positions. 



As an alternative to the white light source and multiple color filters used in U.S. Patent 
No. 3,995,958 by Pfahl et al, multiple emitters of different colors can be used, e.g., red, 
green, and blue LEDs. These emitters are aimed such that transmitted or reflected light is 
collected by a single photodetector. To read cyan, magenta, and yellow test patches, a 
single complementary-colored LED is energized, according to the known color of the test 
patch to be read at that time. A test patch of mixed or layered colorants is read by rapidly 
and successively energizing the LEDs one at a time, to obtain a set of density readings 
characteristic of the overall test patch color while the test patch is in position. Such a 
configuration measures test patches of various colors without the complexity of 
mechanical motion in the densitometer, but otherwise is subject to the same limitations as 
other fixed-position single-channel configurations. 

Using mechanical drives, a single-channel densitometer configuration can be adapted to 
obtain readings at different positions. In U.S. Patent No. 4,003,660, Christie et al 
disclose a densitometer movably mounted on support members that extend across the 
width of a printed web. Such a mechanical drive is bulky, complicated, and expensive. 
Optical spacing and alignment tolerances are more difficult to maintain, owing to the 
motion. At any given time, readings can be obtained at only one position, and time is 
required to move to the next position. 

Multiple densitometers have been incorporated into computer networks, as in U. S. Patent 
No. 5,402,361 to Peterson et al. Such networks facilitate consolidation of data into a 
central collection point, or host computer, for data logging, printing, evaluation, and 
process control purposes. The host computer in such a network processes signals for the 
individual connected densitometers, and can also compute multi-channel functions 
requiring data from two or more densitometers. A simple example of a multi-channel 
function is the density difference between two densitometers. However, such networks 
alone do not reduce the cost of the densitometers themselves. 



Many document reproduction centers, printing shops, and graphic arts work areas have 
multiple printers, with many of the printers requiring at least one "on-board" 
densitometer. In both on-board and bench-top applications, multi-channel densitometry 
facilitates uniformity evaluation and multi-color test patch measurements. However, the 
cost of multiple densitometers, or multi-channel densitometry, is considerable and often 
prohibitive. 

High cost (typically $1000 or more each) has not been a serious deterrent to the use of 
bench-top densitometers in professional laboratories. However, in more cost-sensitive 
environments, such as amateur photography labs, graphic arts studios, and student 
laboratories at educational institutions, bench-top densitometer cost has been an obstacle. 
On-board densitometers, specialized for use in a specific machine, and with minimal or 
no operator interfaces, can be much less costly than general-purpose bench-top 
instruments. Nevertheless, cost is an obstacle to their wide use within moderately priced 
copiers, printers, and other products. Cost issues are multiplied, of course, when multi- 
channel densitometry is needed. 

Advancing component technologies are reducing the aforementioned cost barriers, 
making densitometers cost-effective in an increasing rande of applications. On-board 
densitometers have gradually penetrated the printer marwet, down even to some 
moderately priced printers. Less costly and more reliable LEDs are now often used 
instead of incandescent lamps as densitometer light eimtters. Photodiode sensors are 
smaller and less costly than the photomultiplier tubes Lsed in some older densitometers. 
Application of digital electronics to densitometers eliminates the need for the costly 
analog logarithmic amplifier used in traditional analog designs. For example, U.S. Patent 
Application Serial No. 09/543,094 of Rushing disc/oses an all-digital approach based on 
a light-to-frequency converter electrically interfaced to a microcontroller and utilizing a 
look-up table (LUT). Despite these cost-reducing advances, densitometer cost is still an 
issue in printer design, particularly when multiple densitometers are considered for 
moderately priced products. The cost of bencn-top densitometry, particularly multi- 



channel densitometry, alsorcmains an issue in amateur photo labs, student laboratories, 
and other cost-sensitivp'areas. 

SUMMARY OF TmSNVENTION 

One object of the present invention is to reducfe densitometer cost for density 
measurement at multiple positions, for both hfench-top and on-board applications. A 
single controller circuit, preferably with a digital microcontroller, provides electrical 
power, control signals, and sensor signal processing for multiple channels with preferably 
digital sensors in one or more probes. WitM the preferable digital sensors, the costly 
analog logarithmic amplifiers of traditional analog densitometers are eliminated. The 
controller circuit may be located on a probe along with the sensors for one or more 
channels, or may be on a separate connected circuit board. In either case, the components 
of the controller circuit are not replicated for each channel, further cutting costs. 

Typically, the densitometer measurement channels are located on a single machine, or at 
a single bench-top work area. Howevfer, probes in multiple machines may also be 
connected to a single controller circwt, especially if the machines are close to each other 
and operated together. / 

Each densitometer probe contains at least one light sensor, preferably a small light-to- 
frequency converter integrated circuit. The corresponding light emitters, preferably 
LEDs, may also be included on the probe. The LEDs, if not a part of the probe, are 
separately mounted in positions that align with the sensors on the probe when the probe is 
in its operating position. Separate LED mounting is sometimes preferable in a 
transmission mode of operation, where the LED and photodetector are on opposite sides 
of the sample. / 



For mounting the probes, slide rails facilitate easy installation and removal, and establish 
a well-defined position relative to the sample fto be measured. Alternatively, a mounting 
block at the connector end of the probe facilitates attachment to a support structure for 
cantilever mounting. The connector at the er d of the probe is disconnected for easy 



probe removal, such as for cleaning. Should 
only that one probe need be replaced — not 
circuit board. 



a probe become damaged or inoperative, 
e other probes or the separate controller 



Another object of the invention is a reduced space requirement at the measurement 
locations. By limiting the probe components and function to the minimum required to 
output digital signals responsive to light impinging on the sensors, the probes can be 
made small. In particular, the probe width, in the process direction, can be minimized. A 
light-to-frequency converter sensor in integrated circuit form, along with a controller 
circuit serving multiple channels, minimises the total component count. With a separate 
controller circuit board, the probe electronic components for each channel may consist of 
only a small integrated circuit sensor, a decoupling capacitor, and the LED emitter with a 
series resistor (unless the LED is separately mounted). 

With less space required by the densitometer probes, more space is available for various 
work stations, or for enabling overall deduction in machine size. Alternatively, the small 
probe may permit a needed density measurement where it could not be done with a 
bulkier complete densitometer. The small probe size, along with the electrical connector 
and mounting provisions, facilitate pfobe removal and replacement. Relocation of a 
probe to another measurement position is also easier, if that should be necessary. 



Yet another object of the invention as to compute multi-channel, as well as single- 
channel, density functions in the densitometer controller circuit, where the density signals 
from all the channels are collected. Evaluations of uniformity, or transfer efficiency, for 
example, require multi-channel dei sity measurements. Only the required calculated 



O 



results, measurement summaries, statistics, or exceptions are sent to the host computer or 
display device. This unburdens the host computer from such computations, allowing it to 



better and more timely attend to higher-level m 



connection to the host is wireless, outputting or ly summary data may also be 



advantageous in terms of reduced time duratioi 
bandwidth. 



ichine control functions. If the 



of the transmission and/or reduced 



Still another object of the invention is superior noise immunity, obtained by utilizing an 
all-digital approach. The issue of electrical noise immunity is heightened in multi- 

10 channel and multi-probe configurations, owing to the multiplicity of interconnections in 
the generally noisy environments inside printers or other machines. Electrophotographic 
printers, for example, contain noisy devices such as motors and corona chargers, making 
noise immunity essential for accurate multichannel densitometry. In some prior art 
densitometers, analog signals are switched/ which can introduce additional transient noise 

15 or steady error. In the present invention, the light-to-frequency converter integrated 

circuit has a digital (logic "high" or logic /low") frequency output The digital output has 
inherently better noise immunity than the analog input and output signals associated with 
the photodiodes, linear amplifiers, logarithmic amplifiers, and analog-to-digital 
converters of traditional densitometer designs. There is no switching of sensitive analog 

20 signals. 



To obtain these objects, the multi-channel densitometer in the preferred embodiments 
utilizes an all-digital design and a single controller circuit to control and process signals 
to and from multiple measurement channels. The microcontroller of the controller circuit 
25 controls and processes signals individually for the channels, and also computes multi- 
channel functions requiring readings from two or more channels. The light-to-frequency 
converter integrated circuit sensors, one for each channel, provide digital frequency 
outputs. Control signals are also exclusively digital. This gives the multi-channel 
densitometer the superior noise immunity inherent in digital signals. The light-to- 
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frequency converter integrated circuits also contribute to the minimal component count, 
small probe size, and economical cost. 



The invention and its various advantage/ will become more apparent to those skilled in 
5 the art from the ensuing detailed description of the preferred embodiments, reference 
being made to the accompanying drawings. 

BRIEF DESCRITPION OF THE DRAWINGS 

10 The subsequent description of the preferred embodiments of the present invention refers 
to the attached drawings wherein: 

FIG. 1 is a multi-channel densitometer arrangement with a single sensor board, 
with sensors distributed across a moving web. 

FIG. 2 is a multi-channel densitometer arrangement with probes positioned at 
1 5 different stages in the web process direction. 

FIG. 3 is a multi-channel densitometer arrangement with probes positioned 
upstream and downstream from a work station. 

FIG. 4 is a multi-channel densitometer arrangement with probes positioned for 
pre-transfer and post-transfer measurements. 

20 FIG. 5 is a multi-channel densitometer arrangement in an imaging machine with 

probes positioned for measurement in several color processing modules. 

FIG. 6 is a detailed view of a probe for transmission densitometry. 

FIG. 7 is a detailed view of a probe for reflection densitometry. 

FIG. 8 is a functional block diagram of a controller circuit for multiple channels. 



25 



11 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

With reference to the portion of a wide-format machine showjyin FIG. 1, a single probe 
21a provides three channels of density measurements as^eb 18 advances in the direction 
shown by arrow "A". Each channel provides dpngity measurement in either the reflection 
mode or the transmission mode. Probe^J^extends across web 18, with three light-to- 
frequency converter sensors 22a^2f(and 22c facing web 18 near the front edge, center, 
and rear edge. For reflectipnT^ensity measurement of the top side of web 18, light 
emitters, preferablyJ^EDs, are mounted on circuit board 23, positioned and aligned to 
illuminate spojs^n web 18 opposite the respective sensors 22a, 22b, and 22c, as detailed 

With continuing reference to FIG, 1, for transmission density measurement sensor circuit 
board 23 may be above web 18 as shown, or under web 18. Light emitters, preferably 
LEDs, on the opposite side of web 1 8 from sensor circuit board 23, are aligned so that 
light transmitted through web 18 impinges on respective sensors 22a, 22b, and 22c. The 
LEDs may be on a second probe circuit board (not shown in FIG. 1), as detailed in FIG. 
6, or may be mounted separately from probe 21a, but aligned with it. 

It should be appreciated that web 18 may represent part of a printing machine using any 
of the known printing or imaging technologies, such as electrophotography, ink jet, or 
lithography. Alternatively, web 18 may represent the product medium in a web 
production process or web transport process, without imaging, where web 18 advances 
through various production stages such as coating, drying, processing, and finishing. 
Paper, textile, plastic sheet, and photographic film production are examples of such web 
production processes. Web 18 may be measured "on-board", that is, within the machine, 
or may be removed to a bench-top or similar work surface for measurement. It should 
also be appreciated that while FIG. 1 shows a segment of a flexible web, multi-channel 
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density measurements could be obtained similarly from samples in other forms, such as a 
rotating drum, for example. 

Frequency outputs from sensors 22a, 22b, aiK^2c are all connected to controller circuit 
30. Controller circuit 30 provides electrical power to all three channels, and receives a 
digital frequency output from each channel, with frequency proportional to the light 
impinging on the respective sensor/ The light impinging on each sensor is a portion of 
the light from an LED that has been transmitted through or reflected from web 1 8. Thus 
the frequency outputs are characteristic of the transmission or reflection optical density of 
the respective spots on weo 18 transmitting or reflecting light to the sensors. Controller 
circuit 30 may also output digital control signals to the channels, such as programmable 
codes for sensitivity afnd frequency divide-by ratio, if the light-to-frequency converters 
are programmableln real time. 

Controller circuit 30 may be on a separate circuit board from probe sensor circuit board 
23, as shown. This configuration reduces the component count on circuit board 23, 
enabling a smaller circuit board area and the smallest probe. On the other hand, having a 
single circuit board is an advantage in some applications. If a somewhat larger probe 21a 
is acceptable, the components and functions of controller circuit 30 can be included on 
sensor circuit board 23. 

Controller circuit 30 measures either the period or the frequency of the frequency outputs 
from the three channels of probe 21a. Preferably the/period is measured in terms of clock 
counts to yield a period count. The period count is'iitilized in entering a look-up table to 
obtain the scaled optical density value corresponding to web 18 transmittance or 
reflectance, using a circuit and a method such/as disclosed in U.S. Patent Application No. 
09/543,094. Controller circuit 30 also contains digital processing circuitry, preferably 
within a microcontroller, which computes, stores, compares, and otherwise processes the 
signals from all of the connected channels, according to the application. 
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In one typical application represented by FIG. 1, density readings are taken of normally 
processed areas that have the same nominal intended density, or special test patches that 
ideally have the same density. For each individual channel, the microcontroller computes 
statistics over a time interval, such as mean, maximum, minimum, range, and standard 
deviation. In addition, multi-channel statistics are computed, such as the average of all 
channel readings at a point in time, range of readings at a point in time, average over a 
time interval, and range of readings over a time interval. Other known statistical 
calculations may be programmed according to the particular needs of the application. 

Threshold values defining acceptable tolerances may be preprogrammed into the 
microcontroller. The microcontroller may then compare individual readings and statistics 
computed from many individual readings to the threshold values, and record the 
2 exceptions. Statistics and summaries are output from controller circuit 30 to receiving 
*p 15 devices such as host computer, computer network, alphanumeric display, graphic display, 
jjl and digital storage device. Connection to the receiving devices may be by cable as 

shown, or alternatively by wireless technology. The statistics and summaries are used in 
strategies for process monitoring and automatic control, manual machine adjustments and 
maintenance, and to support quality documentation and management. 



O 
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In another typical application represented by FIG. 1, web 1 8 is a part of a color 
electrophotographic printer, with color separations collected on web 18. The three 
densitometer channels are dedicated to transmission density measurements of cyan, 
magenta, and yellow toned test patches, respectively. The LEDs associated with the 
25 respective channels are preferably of the complementary colors to the test patches, which 
in this case are red, green, and blue, respectively, to obtain high measurement sensitivity. 
If a black separation is printed, an infrared LED may be preferred for high sensitivity; in 
this context infrared may be considered, in a sense, a complementary color of black. 



In such an application the density measurements may be used in a process control 
strategy as the basis for automatic adjustments to upstream color processing stations (not 
shown). The process control strategy may control each color separation independently, 
or may include functions of two or more colors, such as color balance functions. 
Examples of simple color balance functions are the three net toner density differences 
(cyan-magenta, cyan-yellow, and magenta-yellow). These differences are computed 
from color separation test patches which when overlaid by transfer to a receiver yield a 
nominally neutral or "balanced" gray patch. The empirically determined "balanced" 
values for these differences may be nonzero owing to non-ideal materials, processes, and 
instrumentation. Deviations of the measured differences from the target "balanced" 
values can be included among inputs to the calculation of adjustments to be applied to the 
color processing stations. 

With all three channels in FIG. 1 connected to controller circuit 30, multi-channel 
functions such as color balance are readily computed in controller circuit 30. Only the 
final concise computed results, and not the extensive underlying raw data, need be output 
from controller circuit 30 to a host computer or display for determining process 
adjustments to be applied. 

Referring now to FIG. 2, densitometer probes 2 Id, 2 le, and 2 If are positioned at 
different stages in the process direction, where web 18 advances in the direction shown 
by arrow "B" The probes may be of either the type for transmission densitometry or for 
reflection densitometry. In a typical reflection density application, single-channel 
reflection density probes 2 Id, 21e, and 2 If utilize red, green, and blue LEDs, 
respectively. All three probes are mounted to read in the same track. Sample areas of 
any color, either the normally processed web, or test patches such as patches 14a, 14b, 
and 14c on a reflective web support such as paper, pass opposite the sensors on probes 
2 Id, 21e, and 2 If successively. 




Test patches 14a, 14b, and 14c may be formed of mixed or layered colorants. A set of 
three density readings from probes 2 Id, 21e, and 2 If characterizes the composite color of 
each patch. With connections to all three probes, controller circuit 30 collects the set of 
three readings characterizing the test patch color. This three-channel densitometer thus 
5 functions as a basic colorimeter. Depending on the spectral emission of the LEDs and the 
spectral response of the detectors, such a colorimeter can approximate the color response 
of the human visual system to a range of variously colored samples. 

In the case of separation test patches of a single colored toner, typically cyan, magenta, 
and yellow, only the measurements obtained using the complementary colored LED are 
normally needed. In this case separation test patches 14a, 14b, and 14c may be in 
different tracks, rather than the same track as shown in FIG. 2. If probes 21d, 21e, and 
2 If are fastened to a support structure just outside the edge of web 18, each probe has a 
length reaching to the track of its assigned color patches, positioning the sensor opposite 
the patches as they pass. 

In the case where variability in the hue or saturation of the cyan, magenta, and yellow 
separation colorants must be monitored, all three channels are used to read the separation 
patches. Other color separations, such as accent colors, "hi-fi" colors, or custom color 
separations of mixed colorants may also be monitored. All three probes are of length and 
position to read in the same track, as in the aforementioned colorimeter application, and 
as shown in FIG. 2. 

Referring now to FIG. 3, densitometer probes 21g and 21h have sensors positioned in the 
25 same track, upstream and downstream respectively from work station 40, with web 1 8 
advancing in the direction shown by arrow "C" In a typical application, probes 21g and 
21 h have LEDs of the same color, and together monitor the change in density of web 1 8 
attributable to work station 40. For any given spot on web 18 that passes probes 21g and 



21h, the difference between readings, that is, the reading of probe 21h minus the reading 
of probe 21g, is attributed to work station 40. 

Probes 21g and 21h may be of the transmission type, with LEDs 70a and 70b on the 
5 opposite side of web 30 from their respective sensor circuits, as shown. Alternatively, 
probes 21g and 21h could be of the reflection type. Controller circuit 30 collects readings 
from both probes, and performs the subtraction. Positive and negative differences are 
interpreted as the density increase or decrease, respectively, attributable to work station 
40. These results are output to the host computer or display. 

10 

Turning now to FIG. 4, densitometer probes 21i, 21j, and 21k are positioned at different 

O 

stages in the process direction, but with sensors in the same track, and have LEDs of the 
same color. Image web 16 and receiver web 17 advance in the directions shown by 
yi arrows "D" and "E", respectively. Such a configuration is typical of electrostatic roller 
J 15 transfer in an electrophotographic printer, where electrically biased transfer roller 42 
^ transfers toner from image web 16 to receiver web 17. Probe 21i monitors pre-transfer 

O transmission density on image web 16. Probe 21j monitors post-transfer transmission 

On 

^ density on receiver web 17. Net toner density readings for probes 21i and 21j are 
Hh obtained by subtracting the base density of the respective untoned supports from the 
fag, 20 density measurements of the toner-covered areas. The base density is typically measured 
some short time previous to the density measurement of the toner-covered area. 

Transfer efficiency may be expressed as the ratio of net toner density readings of a given 
image area. In the configuration of FIG. 4, the post-transfer reading from probe 21j is 
25 divided by the pre-transfer reading of probe 2 li. If the toner is completely transferred, 
the ratio is ideally 1.00, or 100% efficient The difference between the pre-transfer 
reading of probe 21i and the post-transfer reading or probe 21j may also be used to 
evaluate transfer performance. Probe 21k is positioned to measure the residual toner 
density remaining on image web 16 after transfer. Readings from probe 21k can be used 



along with readings from probes 21i and 21j to evaluate transfer performance. All of 
these readings are collected in controller circuit 30, where multi-channel functions such 
as transfer efficiency are readily computed, and summary results subsequently output to 
the host computer or display. 

Turning now to FIG. 5, a four-color electrophotographic printer is shown, with a 
densitometer probe positioned in each color processing module. Probes 21m-21p 
monitor post-development density for the cyan, magenta, yellow, and black processing 
modules, respectively. The toner developed on each processing module drum is 
subsequently transferred to receiver sheets such as sheet 24, conveyed by transport belt 
26 in the direction indicated by arrow "F\ 

All four probes are connected to controller circuit 30. The microcontroller of controller 
circuit 30 is programmed to output appropriate control signals to the probes, and receive 
the frequency output signals from the probes characterizing the density of toned test 
patches. Density data are computed, and previously saved base readings are subtracted to 
obtain net toner density values for each color processing module. Further data processing 
may include averaging individual readings, recording out-of-limit readings, calculating 
color balance, and calculating other known performance metrics and statistics. Only the 
summary results needed for designated purposes such as process control or quality data 
logging are output to the host computer or display. 

FIG. 6 shows detail of a preferred probe for transmission densitometry. Light from LED 
70c shines through transmissive web 18. The)>eam pattern emitted from LED 70c is 
typically broad and divergent, as indicated by the arrows. A portion of the emitted light 
is transmitted through web 18 and impinges on light-to-frequency converter sensor 22d. 
In general, discrete components may foe used for light-to-frequency converter circuits. 
For small size and best noise immunity, sensor 22d is preferably an integrated circuit, 
such as Texas Advanced Optoelectronic Solutions, Inc. model TSL230 or TSL235. The 



10 



8-pin TSL230 has pins for real time digital controyof sensitivity and frequency divide-by 
ratio by the controller circuit. This programmabinty facilitates measurement of a wide 
density range with good density resolution, and a fast density update rate. The non- 
programmable 3-pin TSL235 is a smaller and lower-cost circuit well suited to 
applications with less demanding requirements for density range, density resolution, or 
measurement update rate. The TSL235 caWoe a good choice for reflection densitometry, 
where density usually saturates well below 2.0 density units. Transmission densitometry 
often requires a larger range, depending on the application. Decoupling capacitor 71, 
standard for integrated circuits, stabilizes sensor 22d at its supply voltage pins. 



Connector 72a and cable 74a provide connections between the probe and the controller 
circuit for power, control signals, and frequency output. If the cable length is greater than 
about 30 cm, a line driver or buffer (not shown) is recommended on the probe. Resistor 
78 in series with LED 70c limits the current through LED 70c to the value needed, which 
^ 15 depends on the LED type, the density range to be measured, the distance to the sensor, 
f5 and the sensor type. Alternatively, the series resistor or other current control circuitry 
a could be located external to the probe. 

m 

w 

•P Depending on the spectral distribution of the light emitted from LED 70c, some sample 
y } 20 materials, such as photoconductors, may be prone to damage, e.g., fogging, fatigue, or 
fading, after long exposure to LED 70c. In such cases, the current in LED 70c is limited 
to a small value, to minimize exposure intensity. Ideally LED 70c is deenergized when 
measurements are not needed, to minimize the cumulative exposure time. Pulse-mode 
operation is also effective in reducing exposure. These exposure-reducing measures may 
25 also reduce power requirements, heating, and slow the brightness degradation of LED 
70c, and prolong its useful life. In these cases, circuitry for pulse modulation and 
deenergizing LED 70c is preferably located on the controller board (not shown in FIG. 
6). 
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The sensitive area of sensor models TSL23(rand TSL235 is only about 1 mm 2 . With 
such small sensors, an LED with a wide uniform beam pattern is preferred, making 
accurate LED-to-sensor alignment less/Critical, and reducing alignment sensitivity. 
Perfect alignment is not essential, because the base reading saved previously is 
subtracted. The base reading is determined during calibration and depends on a number 
of factors, including spacing am alignment. To avoid density measurement error, 
spacing and alignment (or mpderate misalignment) should remain fixed after calibration. 
A recalibration would typically be done at regular intervals or whenever spacing or 
alignment may have been disturbed. 



The transmission type probe is preferably in the form of two circuit boards on opposite 
P sides of web 18, as shown in FIG. 6, with sensor 22d on one board, and LED 70c on the 
Jff other. Conducting traces on the boards and conductors between the two boards (not 
%J shown) connect the electronic components to connector 72a. The two boards are attached 
s p 15 to mounting block 76, or equivalent joining parts forming a rigid U-shaped structure. 
fe p s This probe structure holds the LED-to-sensor alignment and spacing constant. The probe 
length extends from the connector end, just outside the edge of web 30, to a distance 
inside the edge positioning sensor 22d opposite the track of web 18 where measurements 
O are needed. The probe width is minimized, leaving maximum space for work stations 
O 20 and other items that must be positioned near the web. 



In an alternative transmission type probe structure, LED 70c may be mounted separately 
and independently from the probe. In a bench-top application, the light emitter may be in 
the form of a "light box" rather than an LED. Such a light box, available from Argraph 
25 Corp., also functions as the work surface supporting the sample and densitometer probe. 
In these cases the probe consists of only the one circuit board with sensor 22d and 
decoupling capacitor 71. The probe may then need to be carefully positioned with 
respect to LED 70c, so that LED 70c is aligned with sensor 22d on the probe. 




Several approaches for mounting the probe on-board a machine are available. Slide rails 
(not shown) can be provided to engage the long edges of the probe circuit board or 
boards. This approach enables easy removal and insertion, such as for cleaning. It also 
defines the probe position in the process direction, and circuit board spacing from web 
30. A stop in the slide rails, or a detent mechanism, may be provided for accurate cross- 
track positioning. Alternatively, for cantilever mounting, mounting block 76 at the 
connector end can be rigidly attached to a supporting structure. 

FIG. 7 shows detail of a preferred probe for reflection densitometry. To illustrate that a 
probe may have multiple densitometer channels, mis probe has two similar channels, for 
measurement in two cross-track positions. Each Channel has its own LED and sensor. 
For one channel, light from LED 70e obliquely /illuminates spot 32e of web 18. A 
portion of the light is diffusely reflected fromipot 32e, and impinges on light-to- 
frequency converter sensor 22e. Light shield 79e blocks the direct path for light from 
LED 70e to sensor 22e, and other extraneous light. Thus sensor 22e receives only light 
reflected from spot 32e, illuminated by LED 70e. For smallest size and best noise 
immunity, sensor 22e is preferably an integrated circuit, as in the transmission type probe 
of FIG. 6. Decoupling capacitors (not /hown in FIG. 7) are provided for each integrated 
circuit sensor, as in FIG. 6. The mounting options for the reflection probe are also 
similar to those discussed for the transmission type probe of FIG. 6. A second reflection 
density channel in FIG. 7 uses LED 70f, which illuminates spot 32f. Reflected light from 
spot 32f impinges on sensor 22f,^shielded by light shield 79f. 

With continuing reference to FIG. 7, cable 74b connects the probe to the controller 
circuit. Power, control signals, and frequency outputs are connected through connector 
72b. Separate conductors are provided for the frequency outputs of the two channels. 
Series resistors (not shown in FIG. 7) are provided for LEDs 70e and 70f, as in the 
transmission type probe of FIG. 6. LED current is preferably limited to a small value 
sufficient for the application, especially if the sample is prone to damage by exposure to 
LED light emission, just as in the transmission type probe. 



A variation from the probe configuration of FIG. 7 uses two LEDs of different peak 
emission wavelength, for a single channel. These two LEDs are aimed to obliquely 
illuminate the same sample spot directly opposite either sensor 22e or sensor 22f The 

5 controller circuit energizes only one LED of any channel at any one time. To evaluate 
sample uniformity in the two tracks, LEDs of the same color are energized for both 
channels. Preferably, the LED color is such that good measurement sensitivity is 
obtained for the particular sample material and color. To measure test patches of 
different colors, the LED giving best measurement sensitivity is energized as the 

10 respective patches pass opposite either sensor 22e or sensor 22f. 



O Another variation from the probe configuration of FIG. 7 uses three LEDs of red, green, 

p and blue peak emission wavelength, respectively, for a single channel. All three LEDs 

^ are aimed to obliquely illuminate the same sample spot. The controller circuit energizes 

s p 15 the three LEDs one at a time in rapid sequence, to obtain red, green, and blue density 

on 

ip. measurements for a single sample area. For a web or test patch with mixed or layered 

L. colorants on a reflective support such as paper, the red, green, and blue density values 

51 together characterize the overall color of the sample. Such a configuration thus functions 

J as a basic colorimeter. For better color discrimination, more than three LEDs, of 

Q 20 differing peak emission wavelengths, can be used. 



FIG. 8 shows a functional block diagram of a controller circuit connected to multiple 
densitometer channels. Microcontroller 84, such as Microchip Corp. model PIC16C622, 
includes timer 88 to measure the period of the frequency output signal from each channel. 
25 The frequency outputs input to digital I/O 86 of microcontroller 84. The period is 

measured in units of timer clock counts, yielding a period count. For a given frequency 
output signal from a probe, a higher timer clock frequency results in a larger period 
count, which in turn enables higher resolution in density LUT 92. The clock frequency 
of timer 88 is directly related to the master oscillator frequency of microcontroller 84. 



If the probe light-to-frequency converter is programmable, microcontroller 84 outputs a 
programming code through digital I/O 86 for the sensitivity and/or frequency divide-by 
ratio such that a period count is obtained that is within a predetermined range. Since the 
channels are read one at a time, the same programming code output may be wired in 
common to all channels. For each channel, the period should be long enough to give 
adequate resolution in the period count, but short relative to the density measurement spot 
size divided by the process velocity. With a period this short, sample travel during the 
measurement is only a fraction of the spot diameter. This avoids excessive blur in 
reading a moving sample, and permits a fast measurement update rate. 

For the TSL230 light-to-frequency converter sensor, the sprisitivity and divide-by ratio 
each have 2-bit codes, and each has two dedicated prn^on the integrated circuit. 
Microcontroller 84 measures the period of the fteefuency outputs from the sensors of all 
channels one at a time in a rapid cycle. Microcontroller 84 outputs the same 
programming code in common to all the sdnsors. FIG. 8 shows a 4-wire programming 
output to the sensors, to program both/tine sensitivity and the divide-by ratio of the 
TSL230. If the density range to b^covered is not too large, it may be adequate to 
program only one of the sensitMty or divide-by ratio, thus reducing by two the number 
of conductors in the cables w the probes. It may also be adequate to program only one of 
the two bits for the sensitivity or divide-by ratio. In such cases, the non-programmed bits 
are hard-wired on the^obe. 

Microcontroller 84 uses the period count, along with the sensitivity and/or divide-by ratio 
code if a programmable light-to-frequency converter is used, to form the address for 
entering LUT 92. LUT 92 may be within microcontroller 84 or may be contained in a 
separate nonvolatile memory as shown, such as a programmable read-only memory 
(PROM) integrated circuit. LUT 92 is preloaded with the scaled optical density values 
corresponding to the period count and the programming code. LUT 92 is addressed from 



arithmetic and logic unit (ALU) 90, and LUT 92 returns a scaled density value to ALU 
90. 

After obtaining a gross density value from LUT 92, a previously saved base density value 
is subtracted. Base density values are obtained in response to a "calibrate" command. 
The operator or the host computer commands a calibration reading when a reference 
sample, or a bare (untoned) web area, is in position for density measurement. Calibration 
may be repeated as often as necessary, to update and save the base reading. Further data 
processing may include calculating averages, uniformity, color balance, and transfer 
efficiency. Other statistical calculations and pattern recognition may be included 
according to the application. In some applications, only the summary results or exception 
reports needed for designated purposes such as process control or quality data logging 
need be output to the host computer or display. In other applications, all of the raw 
density readings may be made available to the host computer if needed. 

Microcontroller 84 is programmed to service each channel in turn, so that processing time 
must be shared among the channels. The updated density values are obtained at a rate 
compatible with the process velocity, and the size of the test patches or other features that 
are to be measured. For example, consider a printer with a process velocity of 400 mm/s, 
requiring five readings within a test patch 20 mm square, for each of four channels. Let 
the effective measurement spot diameter on the test patch be 2 mm. Five readings within 
the 20 mm test patch correspond to a pitch of 20/5 = 4 mm. This pitch is larger than the 2 
mm spot size, so the measurements are independent in the sense that the measurement 
spots do not overlap. The corresponding time between the patch readings for the one 
channel is 4/400 = 0.01 seconds, or 10 milliseconds. 

Continuing with the printer example, four channels must all be updated, so the time 
available for the microcontroller to process and update each channel is 10/4 = 2.5 
milliseconds per channel. With this update time constraint, the period of the light-to- 



frequency converter can be no more than 2.5 milliseconds. During this time the web 
advances no more than 400 x .0025 = 1 .0 mm, which is only half the 2 mm spot size, an 
acceptable amount of blur. Subject to the 2.5-millisecond update time constraint, the 
required density range (say, 3.0 density units) must be covered, at the required resolution 
(say, .01 density units). This is within the capability of the model TSL230 light-to- 
frequency converter, connected to a controller circuit with a typical microcontroller 
running with a master clock frequency of 20 MHz or faster. 

With continuing reference to FIG. 8, power management 82 enables the multi-channel 
densitometer to be used in machine environments where power at the required voltage 
may not be available or may not be well regulated. Power management 82 provides well- 
regulated DC supply voltage not only to the controller circuit, but also through the 
connectors and cables to the sensors on the probes, and to the LED drive circuitry. This 
helps keep the probe size and component count small, and minimizes overall voltage 
regulator cost for the multi-channel densitometer. In some applications, LEDs are driven 
in a pulsed mode, and may be deenergized when measurements are not needed. In these 
cases, LED pulse modulation and deenergizing is included in power management 82. 

The microcontroller may optionally output density readings to one or more digital-to- 
analog (D/A) converters, such as D/A converter 94. The output of D/A converter 94 may 
represent a single density channel in real time, or may be the result of a calculation such 
as a test patch average, or a difference between two channels, for example. As a 
troubleshooting aid, the analog output may be connected to a test point, which can be 
monitored with an ordinary voltmeter. An operator command to the controller circuit 
may select the channel or function to be output from D/A converter 94. 

For process control purposes, the analog output may be input to an analog programmable 
power supply for a process work station. Through such a connection, a feedback loop is 
completed wherein the work station responds to the density measurements, driving the 



density toward the desired value. Alternatively, process control loops may be completed 
digitally, and may go through the connection to the host computer, with no need for a 
D/A converter. 



CONCLUSION, RAMIFICATIONS, AND SCOPE 

The preferred multi-channel densitometer has a single controller circuit for multiple 
measurement channels. Sensors for the multiple channels may be on separate, 
independently beatable probes, or on a single circuit board. Compared to the multiple 
single-channel densitometers required in the prior art for comparable functionality, the 
multi-channel densitometer has smaller probe size, fewer components, lower cost, and 
superior noise immunity. The controller circuit may be located away from the process 
medium to be measured, where space is not at a premium. The controller circuit collects 
readings from multiple channels, and digitally processes them to obtain both single- 
channel and multi-channel functions of density, such as uniformity, transfer efficiency, 
and color balance. These advantages make it economically feasible to use the multi- 
channel densitometer for process monitoring and control in small, moderate-cost 
machines. The invention also makes multi-channel bench-top densitometers affordable 
where budgets are most limited, as in amateur photo labs, and student laboratories, for 
example. 

The invention has been described in detail with particular reference to preferred 
embodiments thereof, but it will be understood that variations and modifications can be 
effected within the spirit and scope of the invention. 



